Zebra finches have emerged as an outstanding model system for the investigation of the mechanisms regulating brain and behavior. Their song system has proven especially useful, as the function of discrete anatomical regions have been identified, and striking parallels exist between the morphology of these regions and the level of their function in males and females. That is, the structures are substantially more developed in males, who sing, compared to females, who do not. These parallels extend from higher (telencephalic) centers to the brainstem motor nucleus that innervates the muscles of the vocal organ. Other dimorphic aspects of reproduction in the zebra finch, such as copulatory behaviors and sexual partner preference, however, are not associated with known sex differences in anatomy. In many species, sex differences in neural and peripheral structures and behavior are regulated by secretions from the gonads, which of course are sexually dimorphic themselves. In birds, sex differences at all of these levels (gonad, brain, and behavior) can be mediated by steroid hormones. However, it is not entirely clear that gonadal secretions normally participate at all of the levels. This paper reviews the evidence relating to the role of gonadal steroids in the sexual differentiation of reproductive behaviors and the central and peripheral structures known to regulate them in zebra finches, with a focus on estradiol, which has been most extensively studied in the masculinization of song system morphology and function.
SEX DIFFERENCES IN ZEBRA FINCHES
Behavior Like many species, male zebra finches exhibit courtship behaviors to attract females. The most salient of these behaviors is a song that each male learns from a tutor (typically his father) during development. The songs become stereotyped by the time the males reach adulthood, such that they are remarkably similar each time that an individual sings. Unlike many other songbirds, female zebra finches under normal conditions never produce vocalizations resembling masculine song (all reviewed in Arnold, 1992) . Following male song and a suite of associated masculine courtship behaviors, including dancing back and forth on a perch, the sequence of reproductive behaviors proceeds to copulation, which is also highly sexually dimorphic (Arnold, 1975a; Clayton and Pröve, 1989; Harding et al., 1983) . In very rapid succession, males mount females, often grabbing feathers on the back of their necks. While rapidly flapping his wings, the male then arches his cloaca down as the female angles hers up, completing copulation (a cloacal contact movement). The female will in some cases solicit copulation by crouching down a bit and rapidly moving her tail back and forth (tail quivering).
Morphology Song in passerine birds is controlled by a series of interconnected nuclei in the forebrain (reviewed in Arnold, 1992 ; see diagram in Nixdorf-Bergweiler, pages 335-353, this issue). Four telencephalic regions have been most extensively studied. Area X and the lateral portion of the magnocellular nucleus of the anterior neostriatum (lMAN) are involved in song learning, as lesions in these regions during song development prevent or delay its acquisition. Similarly, lesion and electrical recording data indicate that the high vocal center (HVC) and robust nucleus of the archistriatum (RA) form the telencephalic components of the motor pathway for song production. HVC projects to RA, which in turn innervates the tracheosyringeal portion of the hypoglossal nucleus (nXIIts), and these motoneurons subsequently innervate the muscles of the vocal organ, or syrinx.
Sexual dimorphisms exist at all levels of this system. For example, the forebrain regions HVC and RA are larger in volume in males than in females; they contain more cells in males and the cells are larger in males (Gurney, 1981; Nottebohm and Arnold, 1976) (Fig. 1) . Additionally, the projection from HVC to RA is much more substantial in males than in females (Konishi and Akutagawa, 1985) . Area X cannot be seen in female zebra finches with a standard Nissl stain (Nordeen and Nordeen, 1989) . In the brainstem, nXIIts is larger in volume in males than in females, primarily due to enhanced spacing between the neurons in males (Gurney, 1981; Nottebohm and Arnold, 1976) . Overall, the syrinx is heavier in males than in females, which is at least in part caused by an increased size of fibers in the ventralis and dorsalis muscles (Wade and Buhlman, 2000) . These are the largest of the syrinx muscles; the ventralis is most active at the end of vocalization and may regulate production of a subset of syllables, and the dorsalis is active prior to and during song production and appears to contribute to the acoustic form of many syllables (Vicario, 1991) .
Sexual dimorphisms in regions of the brain controlling other aspects of reproduction, such as copulatory behaviors, have not been identified to date.
REGULATION BY HORMONES
IN ADULTHOOD The effects of adult hormone exposure on both brain and behavior have been investigated, although the attention has focused primarily on masculine rather than feminine structure and function. Castration of adult males nearly eliminates copulatory behaviors (mounting) and reduces courtship behaviors, including the rate and tempo of song, but gonadectomized males do continue to sing (Arnold, 1975a; Harding et al., 1983) . Replacement with androgens, particularly those that can be metabolized into estrogens such as testosterone (T), reverses these effects (Arnold, 1975a; Harding et al., 1983) . The data on masculinizing responses in females are a bit inconsistent. There is no doubt that without early masculinization, via estradiol (E2; see below), they will not sing in adulthood. However, while most studies found that singing in females requires not only early hormone administration, but also treatment with androgens in adulthood (Gurney, 1982; Gurney and Konishi, 1980; Pohl-Apel and Sossinka, 1984) , at least one study does suggest that early E2 alone is sufficient (Simpson and Vicario, 1991a) .
The data on the response of neural morphology to adult steroid manipulations are also a bit inconsistent. For example, some experiments detect increases in the volumes of the telencephalic nuclei following androgen administration to adult females that had received E2 as hatchlings (Gurney, 1982; Gurney and Konishi, 1980) . However, others could not replicate these results with the same or a higher dose of E2 and higher doses of androgen (Jacobs et al., 1995; Simpson and Vicario, 1991b) . The results do consistently indicate that without early E2 administration, the telencephalic regions do not respond morphologically to androgen in adulthood (Arnold, 1980; Gurney, 1982; Gurney and Konishi, 1980) . In contrast, some masculinizing effects of adult androgen on the motor nucleus nXIIts have been reported in females that had not received prior treatment. For example, administrating 5␣-dihydrotestosterone (DHT) to adult zebra finch females increases the volume of nXIIts, due to a change in the spacing of the neurons (Gurney, 1981 (Gurney, , 1982 , and treatment with T increases the volume of the entire hypoglossal nucleus in adult females (Arnold, 1980) although it is still smaller than that of males. In our hands, however, treatments of females with T and males with the anti-androgen flutamide did not significantly modify the volume of the nXIIts (Wade and Buhlman, 2000) . DHT might be more potent than T in nXIIts, and the difference in the effects of T between the studies could reflect the extent of the nucleus measured (nXIIts specifically vs. the entire nucleus), or the results could be due to the fact that the treatments we administered were slightly shorter than those in previous studies. Parallel to the lack of an effect of flutamide, however, castration of adult males did not reduce the size of the hypoglossal nucleus (Arnold, 1980) . Syrinx weight in adult males is decreased by castration, an effect that is reversed by treatment with T; adult E2 also significantly reduces overall syrinx size in males (Harding et al., 1983) . In adult females, T significantly increases syrinx weight, as well as fiber size in its dorsalis and ventralis muscles (Wade and Buhlman, 2000) . However, all of these syringeal measures are still smaller than they are in control males, and the only effect of a high dose of the anti-androgen flutamide is a modest decrease in syrinx weight (Wade and Buhlman, 2000) , suggesting that it affects a component of the syrinx other than those two muscles, perhaps the cartilage.
While inconsistencies across experiments make it a bit difficult to glean a clear picture for the specific role(s) of adult steroid hormones, there is no doubt that (1) sex differences in the structure and function of the adult zebra finch song system are substantial, and (2) these dimorphisms generally still exist to at least some degree following adult hormone modulation. Because adult hormone exposure is not sufficient to explain sex differences, it is reasonable to hypothesize that they are permanently created by early organizational effects of gonadal steroids.
REGULATION BY HORMONES DURING DEVELOPMENT: THE AROMATIZATION
HYPOTHESIS E2 is formed from T through the action of the aromatase enzyme. Two general means for exposing tissue to estradiol are as follows. The hormone can freely enter tissues from the general circulation, as commonly occurs when estradiol is released in relatively high concentrations from the ovaries of females. It also can be locally synthesized within the tissues in which it acts. A common pattern for masculinization of neural structures and functions in mammals, for example, is that the testes of developing males secrete T, which travels to the brain. There, in cells containing the aromatase enzyme, it is converted to estradiol where it acts to prevent cell death and masculinize the capacity for reproductive behaviors later in life. This masculinization due to local conversion of T into E2 is referred to as the "aromatization hypothesis" (Feder, 1981; Naftolin and MacLusky, 1984) .
In the remainder of the paper, I examine whether/ how it applies to the zebra finch model system. In many cases, I focus on masculinization due to the aromatization hypothesis in its traditional sense, because the majority of the research has been done in this area. Where appropriate, I also mention data relating to potential effects of E2 due to its release into circulation from the gonads.
Descriptive Studies
If E2 masculinizes the brain and behavior of zebra finches, then males should by some mechanism have increased exposure to the hormone compared to females. Based on that idea, experimenters have investigated E2 in plasma, and E2 synthesis and receptors in brain.
Circulating Steroid Levels. Three studies have used radioimmunoassays to investigate whether sex differences in plasma hormones exist during development. In the first (Hutchison et al., 1984) , E2 and three androgens (T, androstenedione [AE] and DHT) were measured on post-hatching days 1-10. E2 concentrations increased in males from days 2-4, and then by day 10 had declined to those present on day 1. In females, the levels remained relatively constant, such that a male-biased sex difference was present on day 4. The three androgens generally declined in concentration between days 1 and 10, and the only sex differences detected were increased AE in females compared to males on post-hatching days 2 and 10. The second study ) measured E2, T, and DHT from embryonic day 12 through post-hatching day 54. There was no significant main effect of sex on circulating E2. Overall, a significant main effect of sex on T levels existed, such that the hormone was detected in greater concentration in females compared to males, although the difference was not significant on any given sampling day. DHT was not sexually dimorphic. The final study (Schlinger and Arnold, 1992 ) measured circulating concentrations of E2, estrone (E1), T, AE, and DHT in males and females from the day of hatching through day 13. E2 was detectable in few samples, and while E1 could be measured, a significant effect of sex did not exist. The hormone was present at a similar level in females across age groups, but in males was higher in the first compared to the second week after hatching. No significant effects of sex or age were detected for T or DHT. AE levels were not analyzed statistically, as in several cases they were below the sensitivity of the assay. From these three studies, it is difficult to get a consistent picture of the profile of any of these hormones during development, but we can at least say the following. Reliable evidence does not exist for male-biased sex differences in plasma E2 or andro-gens during zebra finch development, thus it seems unlikely that the direct exposure to gonadal hormones is responsible for inducing masculinization of brain or behavior.
Telencephalic Aromatase Activity. Estrogen synthesis (the rate of conversion of androgens to estrogens) was assessed in developing males and females with a range of methods for tissue preparation. In the first study (Vockel et al., 1990) , microdissected punches that included the song control nuclei HVC, RA, or area X were assessed in animals of 20 days of age. While E2 was produced from T at relatively high rates in the tissue punches that included RA or HVC, a significant main effect of sex was not present. A second study (Schlinger and Arnold, 1992 ) measured aromatase activity in homogenates of the whole brain of 4 -6-and 10 -12-day-old zebra finches, and found no sex differences. Similarly, the activity was comparable in microsomal fractions from 4 -6-day-old males and females. Finally, we measured aromatase activity in dissociated cell cultures (mixed neuronal and glial cells) made from the telencephalon of individual males and female within 24 hours of hatching (Wade et al., 1995) . After 2 weeks in vitro, high levels of aromatase activity were detected in these cultures, but no sex differences. The development of aromatase expression was also investigated by in situ hybridization in the telencephalic song control nuclei on post-hatching days 5, 10, 18, and 25 (Jacobs et al., 1999) . Aromatase mRNA was expressed in lMAN at all ages. However, it was not detected in Area X or HVC, and was expressed in RA only at a low level on day 18. Although the sample size was rather small, there were no sex differences detected in the distribution of the aromatase transcripts. Finally, a recent paper reports the distribution of the aromatase protein using a zebra finch specific antibody for immunohistochemistry (Saldanha et al., 2000) , and again describes a lack of sex differences in the distribution and intensity of aromatase expression in both juveniles and adults. It also confirms that while there is some immunostaining of processes in MAN, HVC, and RA, the majority of the aromatase detected is outside of the telencephalic song control nuclei. The lack of substantial aromatase expression, and particularly the lack of sex differences, suggests that local conversion of androgen to estrogen is unlikely to directly mediate sexual differentiation of the telencephalic song circuit.
Estrogen Receptors. Developing females were investigated using autoradiography and immunohistochemistry. In general, relatively few neurons containing estrogen receptors have been observed within their song control regions, although more were detected in HVC when the protein was investigated than when binding of 3H-E2 was assessed (Gahr and Konishi, 1988; Nordeen et al., 1987) . The distribution of cells containing estrogen receptor mRNA was investigated in developing males and females, and HVC was the only region that showed substantial labeling (posthatching days 5-25), but without any obvious sex differences (Jacobs et al., 1999) . These results suggest that, while it is possible that estradiol acts at other sites to influence development of the telencephalic song circuit, it is unlikely that it is a primary mechanism for directly modulating sexual differentiation of that system.
Post-Hatching Manipulations
Many studies have utilized manipulations of the levels or actions of steroid hormones to try to determine the mechanisms regulating sexual differentiation. The majority of the experiments focused on treatments in hatchling zebra finches, and two conclusions are clear. First, steroid hormones, in particular estradiol, have potent masculinizing effects on both song system anatomy and singing behavior when administered to females. Second, despite numerous and varied attempts, researchers have for the most part not succeeded in preventing masculine development in males. Results from a number of these studies are summarized in the following paragraphs.
Exogenous Steroid Administration. A direct comparison of the effects of administering different steroid hormones to females provides perhaps the most clear suggestion that E2 aromatized from T is involved in masculinization . That is, both T and E2 administered to females via implants on the day of hatching masculinized the volumes of RA, HVC, and area X, as well as soma size in RA, HVC, and lMAN when measured at approximately 2 months of age. Importantly, E2 was generally more effective than T. However, with the exception of the size of neurons in RA, on none of these measures was E2 sufficient to produce values equivalent to those of normal males.
Other studies using E2 administration to females have produced similar results, with varying degrees of effectiveness in masculinization. For example, E2 administered in the first few weeks after hatching reliably masculinizes (increases) the volume of RA, HVC, and area X, but the brain regions are consistently smaller than in control males (Adkins-Regan et al., 1994 [birds also received T in adulthood]; Gurney, 1982 [although see mean area X value]; Gurney and Konishi, 1980; Jacobs et al., 1995; Simpson and Vicario, 1991b) . In one study, not only was the volume of HVC masculinized by early E2 administration, but the hormone also stimulated the incorporation of previously generated HVC neurons, suggesting that the steroid increases survival or specification of these cells (Burek et al., 1995) . E2 administered beginning on the day of hatching to females masculinizes another sexually dimorphic trait, the percentage of cells accumulating 3H-DHT in MAN and HVC. However, in HVC that value is still less than in normal males (Nordeen et al., 1986) .
Although the data across studies are not completely consistent, it does seem to be easier to more completely masculinize soma size than other characteristics, such as volume. For example, HVC and lMAN soma size were completely masculinized with E2 treatment on the day of hatching (Jacobs et al., 1995) , and similar results were detected for RA with E2 treatment during the first week of hatching combined with adult T (Adkins- Regan et al., 1994) . Soma sizes in HVC and RA in females treated with E2 beginning on post-hatching day 15 or 30 were comparable to male values (Konishi and Akutagawa, 1988) . With treatment beginning on the day of hatching, E2 substantially increased the diameter of RA neurons, and DHT had a small, but statistically significant effect on this measure (Gurney, 1981) . However, the most dramatic effect of DHT at hatching in that study was a near doubling of the number of RA neurons. In contrast, other studies do not provide support for the idea that non-aromatizable androgens contribute to the masculine organization of the song system (Jacobs et al., 1995; Nordeen and Nordeen, 1989; Schlinger and Arnold, 1991) .
In addition to masculinization of the neural structures, E2 treatment of females can to varying degrees induce masculine development of the capacity to exhibit singing behavior. In most cases, the production of song seems to require treatment with T in adulthood, but at least one study (Simpson and Vicario, 1991a) suggests that the early E2 treatment alone is sufficient. The quality and quantity of the adult song are variable both within and across studies (Adkins-Regan and Ascenzi, 1987; Adkins-Regan et al., 1994; Gurney and Konishi, 1980) , although in general it appears that the longer the birds are treated in the first few weeks after hatching, the more male-like the song becomes (Pohl-Apel and Sossinka, 1984; Simpson and Vicario, 1991a) . In addition to masculinizing singing behavior, E2 treatment during the first 2 weeks after hatching can shift the sexual partner preference of zebra finch females, such that in adulthood they prefer to be near females rather than males in two-choice tests (interestingly, unisex housing produces the same effect) . Partner preference is not affected by T-treatment in adulthood, and the bias toward male-typical preferences is diminished when the dose of estradiol is decreased (Adkins-Regan, 1999) .
Most treatments of exogenous gonadal steroids have produced results consistent with the aromatization hypothesis, but exceptions do exist. Most importantly, while E2 treatment in the first few weeks after hatching generally masculinizes the structure and function of the song system of females, it prevents masculine development of copulatory behavior (Adkins-Regan and Ascenzi, 1987; Adkins-Regan et al., 1994 ; also when given in combination with DHT, Adkins-Regan and Ascenzi, 1990) and has decreased the volumes of area X and HVC and soma size in the RA of males (Mathews and Arnold, 1991) .
Gonadectomy. In one study (Adkins-Regan and Ascenzi, 1990), male and female zebra finches were gonadectomized at 7-9 days of age, and implanted with T prior to behavioral testing in adulthood. The early gonadectomies had no effect on the behaviors of either sex. Similar proportions of treated and control males mounted, and no female did so. All males sang audible songs, whereas no female did (one produced "chattering sounds"). A second study (Arnold, 1975b) , in which male zebra finches received surgery at 9 -17 days of age, found few differences between castrates and controls. Castrates did tend to develop song more slowly than control birds, but removal of the testes did not prevent the development of song learned from adult male tutors.
Aromatase Inhibition. The effects of at least two modern aromatase inhibitors on song system development have been examined. Vorozole was administered to males and females from 2-3 days after hatching until approximately day 45 (Balthazart et al., 1995) . At 40 -60 days of age, the birds were gonadectomized, and at about 100 days of age, each individual was treated with T. Two weeks later, they were given behavioral tests, followed by assessment of the morphology of telencephalic song control nuclei. Vorozole treatment decreased the rate of singing among males, but the birds did sing. The aromatase inhibitor did not alter the volumes of HVC, RA, area X, or MAN. Post-hatching Fadrozole, the potency and specificity of which has been confirmed in zebra finches , was administered in two experiments. We treated birds for 1 month beginning on the day of hatching and detected no effects of the aromatase inhibition on the morphology of the song control nuclei in either males or females at the end of treatment . In the other experiment (Merten and StockerBuschina, 1995) , males were treated from days 10 to 30, and sacrificed either at day 35 or 135. No significant effects were detected in the pattern of song in the two treatment groups or in the morphology of the song control regions in juvenile birds. However, in HVC, neurons appeared to be smaller in Fadrozole compared to control birds in adulthood. Taken together, the results from these studies suggest that there might be some subtle, long-term effects of estradiol synthesis on masculinizing the song system. However, the aromatization hypothesis is not sufficient to explain the dramatic differences that develop between males and females. Fadrozole administered in the first week after hatching did cause a shift in partner preference, such that females preferred to be near other females rather than males in two-choice tests. Males were unaffected by the same manipulation . While this result suggests that aromatization might be important for establishing a female-typical preference for male mates, it is difficult to reconcile with the idea that post-hatching estradiol administration produces essentially the same effect (see above).
Estrogen Antagonism. Regardless of its source, if classic (genomic) actions of E2 are important for the masculine development of the song system, then inhibiting its action with anti-estrogens should prevent sexual differentiation. Paradoxically, both masculinizing and demasculinizing effects of this type of treatment have been detected. For example, LY156758 administration during post-hatching days 10 -30 inhibits myelination in RA, but not MAN (Gü ttinger et al., 1993) . However, tamoxifen, LY117018 and CI628 have masculinizing (or hypermasculinizing) effects. That is, tamoxifen treatment for the first 20 days after hatching increases neuron soma size in RA, HVC, and MAN of both males and females, and it increases the volume of HVC, RA, MAN, and area X in males (Mathews et al., 1988) when measured at 60 days of age. The other two compounds (Mathews and Arnold, 1990 ) have produced similar effects. With the same experimental design, the anti-estrogens increased soma size in the male MAN and in the HVC of both sexes, and area X's were induced in females with both manipulations. When song system morphology was assessed immediately following treatment for the first 25 days after hatching rather than at day 60, both LY117018 and CI628 induced area X's in females, and one or both anti-estrogens masculinized various other measures, including increasing the volume of RA in both sexes and both the volume of and neuron soma size in the HVC of males. In one experiment, administering the anti-estrogen tamoxifen at approximately day 20 immediately follow-ing gonadectomy (Bottjer and Hewer, 1992) decreased the duration of song phrases produced by males in adulthood, but did not affect the volume of song control regions. While there is some evidence that tamoxifen's actions on the song system are estrogenic, rather than anti-estrogenic (Mathews and Arnold, 1991) , the results from the anti-estrogen treatments as a whole suggest that E2 may be important for enhancing some communication within the song system, as would be predicted by increased myelination, and that the gross morphology of the telencephalic song control nuclei is sensitive to manipulations of E2 action. However, the data are not consistent with the idea that E2 normally masculinizes cell size or volumes of song control regions, because if that were true, anti-estrogens would minimize those effects.
Pre-Hatching Manipulations
Data from the experiments described above other than those involving steroid treatment of females all suggest that post-hatching aromatase activity and E2 are not solely responsible for the sexual differentiation of either brain or behavior. The possibility remained, however, that aromatization of testicular androgens before hatching was important to the process. We conducted a series of studies to address that idea.
Aromatase Inhibition. We tested the effects of inhibiting aromatase activity via Fadrozole administration at a number of developmental stages and with various doses of treatment. The most striking effect of the drug is on the gonads. While genetic males remain unaffected, substantial amounts of testicular tissue develop in genetic females even with a single injection of Fadrozole when administered on days 3 through 8 of the 15-day incubation period (Gong et al., 1999; Springer and Wade, 1997; Wade et al., , 1999 . Typically, an ovotestis forms on the left side of the animal, which contains a core of testicular tissue surrounded by ovarian follicles. The right gonad, which is normally absent in female birds, develops into a testis. Occasionally, some genetic females develop without any identifiable ovarian tissue, but that effect was not reliably produced with any treatment, including dipping the eggs in a warm bath of Fadrozole for the first 12 or 13 days of incubation. In any case, administering the estrogen synthesis inhibitor, Fadrozole, during embryonic development allowed us to test the aromatization hypothesis as it relates to the song system from two angles: we investigated potential masculinizing effects of testicular tissue in females, and potential demasculinizing effects of inhibiting aromatase activity in males. The testicular tissue in females was functional, at least in adulthood. In most individuals, it secreted androgens (T and DHT) at levels comparable to males and produced sperm .
The volumes of RA and HVC and the size of neuron somata within those brain regions completely paralleled genetic sex, regardless of when the Fadrozole was administered (on embryonic day 3, 5, 8, 12 or 13; on days 4 and 7; or on days 1-12 or 1-13) (Gong et al., 1999; Springer and Wade, 1997; Wade, 1999; Wade et al., , 1999 , with one exception that we could not replicate, a small but significant decrease in RA volume in adulthood in males that had received Fadrozole on embryonic day 5 . Behavior was tested in adult birds treated on embryonic day 5 (Springer and Wade, 1997) and 12 or 13 , and the aromatase inhibition and/or presence of testicular tissue did not sex-reverse the development of courtship or copulatory behavior in either males or females (in fact the earlier treatment appeared to enhance, or hypermasculinize, singing in males). Some masculinization of syrinx weight was induced in females (except in those treated at the latest embryonic age, which also did not masculinize the gonads). This effect was much more apparent in animals measured as adults than those measured as juveniles, suggesting that it primarily reflects the androgen secreted by the testes induced in these genetic females Wade et al., , 1999 . It is, of course, impossible to completely separate early organizational effects from those occurring later due to differential hormone secretion, since the testes were present continuously in these animals, from some time in embryonic development after the Fadrozole treatment through the time that they were killed for tissue analysis.
If the aromatization hypothesis explains sexual differentiation of the song system, then one would expect that pre-hatching treatment with Fadrozole would affect both males and females. That is, since post-hatching inhibition of aromatase activity has few demasculinizing effects, if the hypothesis is valid, then a decrease in aromatase activity should at some time before hatching prevent the masculine development of males. Additionally, the secretions from the testicular tissue induced by Fadrozole in genetic females should cause some masculine development. The numerous negative results we have obtained with these treatments in both sexes suggest that the aromatization hypothesis is not viable in this context. Yet, we have obtained some shifts in sexually dimorphic reproductive behaviors with that type of manipulation. Treatment with Fadrozole on embryonic day 5 masculinized sexual partner preference in adult genetic females in group aviary (colony) tests, but it had no effect on males (AdkinsRegan and Wade, 2001 ). Because testicular tissue was permanently induced in the females, and it secreted androgens in adulthood comparable to normal males , we assume this effect is due the testicular secretions in these females, rather than the brief period of pre-hatching inhibition of aromatase activity. As stated above, however, we cannot be sure. Regardless of the specific means, this result suggests a dissociation between mechanisms regulating masculine development of song system structure and function and sexual partner preference.
Because most of the genetic females with testicular tissue also had some ovarian tissue, the possibility remained that an ovarian factor prevents masculine development of song system. To test that hypothesis, we needed to completely eliminate the ovarian tissue. The only way we found to consistently produce that effect is surgical removal of the left gonad following embryonic Fadrozole administration. This combination of procedures produces a single right testis in all individuals, genetic males and females. Unfortunately, the earliest that the gonadectomy can realistically be performed is about 1 week post-hatching (see above).
Thus, we cannot exclude the possibility that the ovarian tissue present during the very earliest developmental stages did have some effect. However, despite the absence of ovarian tissue for approximately 3 weeks, no masculinizing effects on anatomy of the neural song system were detected at 1 month of age . Interestingly, the typical sex difference in syrinx weight was not detected in this analysis. Because the means and standard errors for the females in the gonadectomy and sham groups are almost identical and syrinx weight is somewhat larger in the sham than gonadectomized males, it seems likely that the effect was due to decreased secretion of a testicular substance in the males that had only one testis compared to those that had two. However, the sex ϫ treatment interaction was not statistically significant. Another possibility is that these animals were maturing more slowly than normal due to the surgeries, and that the sex differences was simply not apparent yet.
Estradiol Administration. E2 was administered to zebra finch embryos in two experiments. In the first study, anatomy of the song system was investigated in males that had received treatment on embryonic day 5 ; in the second, treatment was administered on embryonic day 3 (Wade and Gerhold, unpublished data), and behavior was assessed in addition to song system morphology in both sexes. The results were similar in both cases. We had hoped to induce substantial ovarian development with these early E2 treatments, but few follicles were present. However, the structure of the gonads was substantially disrupted in males only, in some cases becoming ovarian in overall shape (although still containing primarily tubules) , and in others the tubule morphology and spermatogenesis were disturbed. Examples of changes in testis morphology with embryonic day 3 treatment are depicted in Figure 2 . Despite the altered gonadal structure, the development of syrinx weight and volume of HVC and RA and soma size within those areas was not affected with embryonic day 5 E2 treatment of males . With treatment on day 3, singing behavior of neither males nor females was affected, with one exception. Males and females were tested under three conditions (3 times per condition, as in Springer and Wade, 1997): (1) untreated and with a stimulus male, (2) untreated and with a stimulus female, and (3) following testosterone treatment with a stimulus female. Comparing the responses in the last two conditions, males that received E2 as embryos sang more following T-treat- ment whereas those that received the control treatment sang approximately the same after T-treatment as they did before (Fig. 3A,B) . These results suggest that the early E2 manipulation might have induced a long-term increase in sensitivity to T. Morphology of HVC and RA and the syrinx were not affected by the treatment, although large sex differences were present, as predicted (Table 1) .
Finally, because of the negative results in experiments involving eggs injected with E2, we attempted to dip them in solutions of the potent synthetic estrogen, diethylstilbestrol (DES). We used doses ranging from 1 mg/ml in 70% ethanol to 10mg/ml, which was successfully used on chicken eggs (Teng and Teng, 1985) . Approximately the bottom one-half of each egg (the end opposite the air sac) was dipped for 10 seconds per day on embryonic days 1-12 in the solution at 50 -55°C. Control eggs were dipped in the warm ethanol only. Unfortunately, none of the 85 zebra finch eggs treated with DES produced offspring that survived longer than 24 hours.
SUMMARY AND FUTURE DIRECTIONS
Reconciling the results on the role of gonadal steroids in regulating brain and behavior is difficult; perhaps the most common theme across the investigations is a lack of consistency. That is, a number of results have not been replicated despite only modest changes in experimental design. Of those effects that do seem highly reliable, related negative or conflicting data complicate the interpretation. For example, the structure and function of the song system in females treated with estradiol after hatching are reliably masculinized, which is consistent with the aromatization hypothesis. However, anti-estrogens administered during the same period of development tend to enhance rather than prevent morphological development of the song control centers in both sexes, and inhibiting estradiol synthesis has no substantial effect in either sex. In addition, inhibiting activity of the aromatase enzyme before hatching does not prevent masculine development of song system structure or function, and testicular secretions (even in the absence of ovarian secretions) do not induce masculine development in genetic females. Although it has not been as extensively tested, it is clear that another aspect of reproduction, copulatory behavior, is not masculinized through the action of E2 either. In fact, administration of the hormone reliably prevents the development of masculine copulatory behavior. The data on sexual partner preference from treatment of females are more compatible with the aromatization hypothesis (post-hatching E2 and testes both masculinize the preference in females), but the fact that posthatching administration of the aromatase inhibitor Fadrozole also has masculinizing effects makes those data difficult to interpret.
If one considers all of the data together, the following themes emerge. First, sexual differentiation of the zebra finch brain is sensitive to gonadal hormones, particularly E2. Second, modulating E2 levels (by administering the hormone or inhibiting its synthesis) and/or E2 activity tends to be more effective after hatching than before. Thus, the brain is probably more sensitive to the hormone in the weeks following hatching, although in only a few cases has masculinization by posthatching E2 been complete. Third, the action of E2 on the song system is likely indirect, as the relevant brain regions contain few estrogen receptors and little aromatase, and the expression of these proteins appears to be sexually monomorphic. Fig. 3 . Singing behavior of males treated with either estradiol benzoate (EB) or steroid suspending vehicle (SSV) on embryonic day 3. Birds were tested separately with male and female stimulus animals initially, and then with stimulus females following testosterone administration. A: Values represent the total number of song bouts displayed during the three behavioral tests under each condition (mean Ϯ SEM for all individuals in each group). Females never produced audible song. Among males, the early EB-treatment did not have a significant effect on the frequency of song bouts elicited (F 1,14 ϭ 1.80, P ϭ 0.20). However, there was a significant effect of testing condition (F 2,28 ϭ 10.55, P Ͻ 0.001), such that before T-treatment males sang more bouts to stimulus females than to stimulus males (F 1,14 ϭ 10.80, P ϭ 0.005). They also tended to sing more bouts to females after adult T-treatment than before (F 1,14 ϭ 3.45, P ϭ 0.08). The testing condition x embryonic treatment interaction was not statistically significant (F 2,28 ϭ 1.92, P ϭ 0.17). B: values represent the number of days (out of the 3 total per test type) on which song occurred. EB-treatment did not increase song (F 1,14 ϭ 1.71, P ϭ 0.21), but a significant effect of testing condition did exist (F 2,28 ϭ 17.51, P Ͻ 0.001) such that males preferred to sing to females (tests before T-treatment; F 1,14 ϭ 8.15, P ϭ 0.01). Males also sang on more days to females after T-treatment than before (F 1,14 ϭ 11.63, P ϭ 0.004). While overall the interaction between embryonic treatment and testing condition was not statistically significant (F 2,28 ϭ 2.62, P ϭ 0.09), a test type ϫ embryonic treatment interaction did exist (F 1,14 ϭ 6.65, P ϭ 0.02) when analyzing the two tests with stimulus females, such that the increase in the number of days on which a song was displayed following adult T-treatment was larger in the EB-treated than SSVtreated groups of males. Every EB-treated male sang on all 3 days following T-treatment, whereas 2 SSV males never sang at all.
Fourth, some demasculinizing effects have been reported (feminine development of copulatory behavior is detected, as are some limited effects on the song system, in males treated with E2). However, regardless of the direction of influence a particular manipulation has on E2 availability or activity, the neural structures and functions are more commonly masculinized if there is an effect at all.
Clearly the mechanisms regulating the natural development of sex differences in the brain and behavior of zebra finches are still a fascinating puzzle. While the aromatization hypothesis may not apply directly, the responsiveness to E2 and related agents might lead us to factors that support neuronal survival, migration, or differentiation. For example, estrogen sensitivity of two neurotrophins has been detected in zebra finches. E2 treatment increases and Fadrozole treatment decreases both the binding of nerve growth factor (NGF) in telencephalic homogenates (Contreras and Wade, 1999) and the expression of brain derived neurotrophic factor (BDNF) mRNA in the HVC (Dittrich et al., 1999) . While a lack of substantial male-biased sex differences in NGF binding suggests that it is probably not critical to sexual differentiation of the song system (Contreras and Wade, 1999) , BDNF and other neurotrophins may well play a role.
For example, we have identified immunoreactivity to the high-affinity BDNF receptor, tyrosine kinase B (trkB) in both males (HVC and RA, days 30 -60) and females (HVC days 45 and 60) (Wade, 2000) . TrkB mRNA has also been reported in the HVC, RA, and lMAN of 20 -35-day-old individuals of both sexes (Dittrich et al., 1999) . It is clear that BDNF exists in song control nuclei and can be transported among them in an anterograde, and probably retrograde, fashion (Dittrich et al., 1999; Johnson et al., 1997) , although the data on its pattern of expression are a bit confusing. In situ hybridization has revealed mRNA in HVC specifically at 30 -35 days of age in males but not females (Dittrich et al., 1999) , and cells ventral to HVC at 20 days of age. Immunohistochemistry detected specific labeling in the male HVC from days 20 through 65, with a sharp reduction by adulthood (Akutagawa and Konishi, 1998) . However, in another study the protein was expressed at comparable levels in late juvenile (55-60-day-old) males and adult males and females. In that case, the density of BDNF immunoreactivity was also comparable in the surrounding caudal neostriatum (Johnson et al., 2000) . Infusing the protein can prevent neuronal death due to deafferentation in juvenile zebra finches (Johnson et al., 1997) , suggesting that it might normally facilitate the increased cell survival in males compared to females. In parallel, we found more trkB-containing cells in the song control nuclei of male than female zebra finches at 30 -60 days of age (Wade, 2000) . Although trkB and BDNF expression is too late to affect early morphological differentiation of the song control nuclei in males and females, the timing suggests that the proteins might be involved in the later stages of structural development and/or the acquisition of song. The challenge now is to understand how neurotrophins and other proteins act, and perhaps interact with gonadal steroids, to create the striking sexual dimorphisms in the structure and function of the zebra finch brain. 
